Abstract-Carbon nanotubes (CNTs) are remarkable solidstate nanomaterials due to their unique electrical and mechanical properties. The electronic properties of nanotubes combined with biological molecules such as proteins could make miniature devices for biological sensing applications. In this paper, the noncovalent interaction of single-wall CNTs with antibodies is presented for its potential applications for detecting overexpressed cell surface receptors in breast cancer cells. The degree of binding of antibodies on CNTs was found to be more than 80% for an extended sampling area by confocal microscopy. The key to achieve such high degree of functionalization is due to the separation of CNTs using surfactants that leads to a high surface area to volume ratio and higher number of active sites for charge transfer that enhance binding. This paper also presents tuning of electronic transport properties of CNTs by monoclonal antibodies that are specific to insulin-like growth factor 1 receptor in breast cancer.
as transistors [4] , probes [5] , electron-field emission sources [6] , and chemical sensors [7] . In addition, potential biological devices, which are fabricated by integrating nanotubes with organic molecules [8] [9] [10] , will enable new research fields and applications such as in situ modification of living cells or their physiological activities [11] .
The research of CNT functionalization has been intensified due to their great potential for biomedical and biotechnological applications. Organic modification of CNTs generates multiple sites for the attachment of bioactive molecules, and the modified nanotube could be used as a biosensor or a novel delivery system. Therefore, understanding the interaction of CNTs with biological systems is essential for the realization of biohybrid systems. In very recent studies, nanotubes have been functionalized to study their biocompatibility and protein recognition capability. Davis et al. [12] reported the immobilization of proteins and enzymes in CNTs. They reported that small proteins and enzymes can be readily placed within the interior cavity of opened nanotubes without any drastic conformational change. Chen et al. [13] demonstrated protein binding to single-wall CNTs (SWNTs) through a noncovalent sidewall functionalization scheme. A variety of smaller proteins, such as streptavidin and ferritin, have been immobilized on SWNTs that were functionalized by 1-pyrene butanoic acid succinimidyl ester. The pyrenel group irreversibly adsorbs onto the hydrophobic surfaces of SWNTs through π−π interaction, and the succinimidyl ester group reacts with amine groups on lysine residues of proteins to form amide bonds. More recently, Shim et al. [14] investigated the adsorption behavior of the streptavidin/biotin system on SWNTs. They achieved specific binding of streptavidin onto SWNTs by cofunctionalization of nanotubes with biotin and protein-resistant polymers. In another study, CNTs were functionalized by bovine serum albumin (BSA) proteins via diimide-activated amidation [15] . They claimed that the vast majority of the protein species in the nanotube BSA conjugates remained bioactive.
Converting nanotubes into electronic devices for biosensor applications have received significant attention in recent years. The reason for such an approach is to be able to combine nanotechnological interfaces to CMOS, MEMS, and biotechnology that can lead to creation of compact and batch-fabricated biosensors with hundreds of sensors on a single chip. This would be a powerful approach for simultaneously detecting and screening various types of diseases. An example to such device is a nanoscale field-effect transistor (FET) with CNTs 1530-437X/$20.00 © 2006 IEEE acting as the conducting channel for detection of various biomolecules. CNT-based FET (CNTFET) has first been fabricated in 1998 [4] and extensively studied [16] . The active detection area of the nanotube-based devices can be sized for individual biomolecules. Furthermore, their response to different species can be varied in a controlled way using chemical and biological functionalization. Advances in the fabrication of the nanotubebased FET devices have raised the expectations for the utilization of CNTs as biosensor materials [17] , [18] .
Although functionalization of CNTs with smaller proteins (streptavidin ∼60 kDa/biotin) has been studied recently [14] , it is particularly important to study the interaction of larger antibodies (∼150 kDa) on CNTs due to their direct application in biomedical nanotechnology for cancer detection. Antibodies, which are proteins of the class of immunoglobulins (IgGs), are produced to respond to foreign substances called antigens. In fact, antibodies are the most important molecules of the vertebrate immune system. One of the most important characteristics of antibodies is specificity, i.e., each antibody binds to a particular antigen. Furthermore, the antibodies can be used to protect against disease, help diagnose various illnesses, and detect drugs and abnormal substances in the blood. In this paper, the following studies are presented toward developing CNT-based cancer diagnostic systems: 1) separation of CNTs in aqueous solutions, 2) functionalization of CNTs with antibodies that are specific to cancer cell surface receptors, and 3) electronic detection of antibodies using CNTFETs. We have functionalized CNTs with three different antibodies: 1) monoclonal mouse IgG, 2) polyclonal rabbit anti-goat IgG, and 3) polyclonal goat-anti-mouse IgG. It should be pointed that BT474 human breast cancer cells overexpress HER2 (Her2+) and c-MYC oncogenes but not the estrogen receptor (ER − ) or insulin-like growth factor 1 receptor (IGF1R − ) with MCF7M human breast cancer cells, which express the estrogen receptor (ER + ) and overexpress cyclin D1 and c-MYC oncogenes and the IGF1R (IGF1R + ) [19] [20] [21] . Therefore, nanotubes are used as probes for detecting cancer cells by assembling specific anti-oncogene antibodies on nanotube surfaces for detecting overexpressed cell surface receptors (IGF1R and HER2). This paper describes two main aspects of applications of CNTs for cancer research: 1) utilization of CNTs for drug delivery and 2) sensing of monoclonal antibodies (mAb) specific to cell surface antigens overexpressed on cancer cells by CNTFETs. The drug delivery studies have started with the separation of CNTs in physiological solutions. Aqueous solubility of CNTs has significant implications in biochemistry and biomedical engineering, in which organic solvents cannot be used due to their incompatibilities with living cells and organisms. Following solubility studies, the interaction between CNTs and antibodies is presented by confocal microscopy for the first time. Confocal microscopy provides statistical evaluation of the colocalization of the complex samples by combining high-resolution sampling with observation over extended areas. Electronic detection of monoclonal antibodies has been conducted to develop new technologies for reliable early detection of cancer from biological fluids through minimally invasive or noninvasive procedures. Circulating cancer cells often express characteristic cell surface markers, which provide an opportunity for early diagnosis of progressive disease. We suggest that interaction of adsorbed mAb with breast cancer cell surface targets would produce a change in the electrical conductance of the SWNT devices dependent on the density of those surface markers on breast cancer cells. This change in the electrical conductance of the SWNT devices could lead to detection of live cancer cells from biological fluids through minimally invasive or noninvasive procedures.
II. EXPERIMENTAL DETAILS
SWNT solution was prepared in deionized (DI) water with a surfactant, i.e., sodium dodecyl benzene sulfonate (NADDBS: ICN Biomedicals, Inc.), which ensured their separation in an aqueous environment. The entire mixture was gently agitated for 24 h in a sonicator (Fisher Scientific Ultrasonic Cleaner, 60-Hz frequency, FS60H) at room temperature that resulted in separation of the SWNT bundles into individual SWNT. The NADDBS to CNT ratio is 20 by weight [22] . Following that, the well-separated nanotubes were labeled with dihexyloxacarbocyanine iodide (DiOC 6 : Molecular Probes, Inc.), which is a dye that fluoresces green when excited with argon laser at 488 nm. The DiOC 6 was prepared at 2 mg/ml in methanol and diluted in DI water just prior to use with the CNT solution. The dye and nanotube solution were mixed in a microcentrifuge tube at a 1 : 1 ratio and allowed to interact for 1 h.
The antibody solutions were prepared in phosphate-buffered saline (PBS) (0.138 M NaCl, 0.0027 M KCl, pH 7.4) by diluting a 2 mg/ml antibody solution with PBS to a ratio of 1 : 10 (antibody/PBS). Then, the antibody solutions were prelabeled with Alexa 546 (Molecular Probes, Inc.), which is a dye that fluoresces red when excited with HeNe laser at 543 nm. The dye-labeled CNT solution and the prelabeled antibody solution were mixed in a microcentrifuge tube and allowed to interact for up to 2 h prior to confocal microscopy analysis. Centrifuging was done to the antibody solution, when necessary, to eliminate unnecessary fluorescence. A slightly different procedure was carried out to view the monoclonal mouse IgG antibodies by confocal microscopy since the presence of BSA with the antibody interferes the labeling of the antibodies. Therefore, the unlabeled mouse antibody was first tagged with the fluorescently labeled polyclonal goat anti-mouse antibody, which selectively binds to the monoclonal mouse antibody. Then, the monoclonal mouse and polyclonal goat anti-mouse antibody conjugate was introduced to the dye-labeled CNT solution. Besides confocal microscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used for analysis. Confocal microscope is an enhanced fluorescent microscope where outof-focus fluorescent light is eliminated by using a confocal aperture (pinhole). Confocal microscopy provides observation of spatially extended areas as well as high-resolution analysis. The advantage of fluorescence for microscopy is the possibility to analyze location and expression of many target molecules at the same time. Furthermore, a full three-dimensional view of the sample can be obtained by integrating the optically sectioned thin slices almost in real time. Moreover, confocal microscopy provides statistical evaluation of the colocalization of the complex samples by combining high-resolution sampling with observation over extended areas. Therefore, we have used confocal microscopy to view fluorescently tagged CNTs in a method similar to that of viewing biological materials such as antibodies to accurately analyze and quantify their interaction. Electrical measurements were performed using CNTFETs fabricated with Ti/Au (10 : 100 nm) electrodes on a Signatone S1160 probe station attached to HP 8466 Semiconductor Parameter Analyzer to detect the change in conductance of the nanotube-based FET devices due to antibody incubation.
III. RESULTS AND DISCUSSIONS

A. Antibody Functionalization of CNTs
Aqueous solubility of CNTs has significant implications in biochemistry and biomedical engineering, in which organic solvents cannot be used due to their incompatibilities with living cells and organisms. In addition, it is very critical to preserve electronic properties of CNTs following the solubility treatments. Therefore, noncovalent stabilization of CNTs using surfactants has become an attractive approach for nanotube dispersion and separation. It was reported that surfactant molecules adsorb in between the gaps of a nanotube bundle and eventually separate the individual nanotubes from the bundle [23] . Fig. 1 is an SEM image of CNTs showing a very effective separation of CNT bundles into individual CNTs using the surfactant NaDDBS. This is clearly one of the most important steps to investigate functionalization of antibodies on nanotube surfaces due to achieving very high surface area to volume ratio. The NaDDBS has the ability to break up the CNT bundles into individual nanotubes without forming chemical bonds. It is believed that π-like stacking of the benzene rings onto the graphite surfaces enhances the binding and surface coverage of surfactant molecules to graphite [24] . It has been reported that during the adsorption of the surfactant NaDDBS on SWNTs, Coulombic forces do not play a central role but are overcome by the hydrophobic interactions between the surfactant tail and the nanotube walls [25] . Each nanotube is covered by a monolayer of surfactant molecules in which the tails remain in contact with the nanotube walls, whereas the heads form a compact outer surface.
The well-separated nanotubes were then labeled by DiOC 6 due to the fact that CNTs are too small to observe without the aid of fluorescent tags. Although it may be possible to image the larger CNT bundles with phase or differential interference contrast imaging with the help of video enhancement, fluorescence labeling allows individual small CNTs and attached molecules to be imaged with confocal microscopy. Furthermore, labeling CNTs with conventional fluorophores makes the observation and manipulation of CNTs and organic materials in physiological solutions very facile compared to electron microscopic techniques. Moreover, nanotubes coated with fluorophores can be used for fabricating biological nanoprobes in cytological research.
Noncovalent attachment of DiOC 6 to the CNTs allows imaging the entire CNTs without altering sp 2 -bonded graphene sidewall. It was reported that the noncovalent attachment of the dye to the CNTs could occur through hydrophobic interactions [26] . It is believed that the binding was mediated through the hydrocarbon chains. Long hydrophobic hydrocarbon chains of the DiOC 6 would allow stable binding with the CNTs. Furthermore, the separation of the CNTs significantly enhanced the labeling efficiency of the CNTs by DiOC 6 .
Having successfully achieved the separation and labeling of CNTs, the antibody functionalization of the CNTs has been carried out. Fig. 2(a) is an overlap confocal image of CNTs (green) and antibodies (red). The green dye in the inner rectangular region is bleached out to verify the attachment of the antibodies to the CNTs. To evaluate the degree of binding over extended areas, weighted colocalization coefficients (WCCs) for both the CNTs and antibodies were calculated. WCC can be defined as the ratio of the intensity of colocalized area of a particular channel (color) to the intensity of total area above threshold intensity of that channel (color). It is known that the colocalization coefficients can provide quantitative information in dualcolor images [27] , and the same procedure was followed here for antibody functionalization. Fig. 2(b) is a scattergram that provides quantitative information about the image. The WCCs were found to be more than 0.80 for both the CNTs and antibodies. To determine the repeatability, six consecutive experiments have been conducted under the same conditions. The calculations yielded high degree of colocalization with an average WCC of 0.80 for CNTs and 0.87 for antibodies [28] . The key to such high WCC is due to the separation of CNTs using a surfactant solution. When nanotubes are separated using a surfactant, it yields high surface area that enables attachment of antibodies on the nanotube surface without affecting the sidewall, thereby yielding high WCC. Fig. 3 is an AFM image showing the attachment of the antibodies to a single nanotube. Furthermore, AFM height measurements were performed. It was found that the surfactant-coated nanotube is about 5 nm high. The height of the surfactant-and antibody-coated nanotube is 16 nm.
B. Antibody Sensing via CNTFETs
CNTFET devices have been fabricated on a doped silicon wafer that is coated with silicon dioxide. First, metal Fig. 2(a) showing the attachment of the antibodies to a single CNT. The entire scan size is 1.25 × 1.25 µm.
electrodes were patterned using microfabrication techniques such as photolithography, metal evaporation, and liftoff. The electrodes consist of 10-nm titanium and 100-nm gold with a spacing of 1-4 µm between source and drain. Following that, the nanotubes were integrated between the electrodes by electrophoretic self-assembly technique. This process has been carried out using ac electrophoresis with a frequency of 10 MHz and voltages of 0.2-1.0 V peak to peak. Fig. 4 is an SEM image of the nanotube FET device. Following the electrophoretic selfassembly, the devices were dried, and electrical measurements were performed using a probe station attached to a semiconductor parameter analyzer. The silicon substrate was used as back gate. After the measurements, the devices were annealed at 180
• C for 15 min to reduce contact resistance between the nanotube and the electrodes. In fact, the resistance of the device dropped from 289 to 84 kΩ. Since SWNTs are a mixture of semiconducting and metallic, OFF-state current in those devices has been observed. The conductance in the p-type region is larger than that in the n-type region because of the work function of the Au electrodes. The Au Fermi level aligns with the valence band of the SWNT, making it p-type contact with a barrier for the injection of electrons. The increase in the conductance of the device could be attributed to the raising of the p-doping level of the device due to O 2 exposure during annealing. It was reported that conductance of the CNTFET device can be changed by simple annealing process in various gas ambient [29] , [30] . It was also demonstrated that brief annealing of the electrodes at 180
• C improves the reproducibility of the contact resistance [31] . Furthermore, the device exhibited significant gate effect as determined by I−V G measurements [ Fig. 5(a) ]. The source-drain current of the devices decreased with increasing gate voltage, indicating that the dominant conduction process is due to hole transport, i.e., p-type semiconducting SWNTs. The conductance of semiconducting SWNTs could be modulated by gate voltages, whereas the conductance of metallic SWNTs is insensitive to the gate voltages. Two features, i.e., gate modulation and high sensitivity to its environment, of semiconducting nanotubes make them excellent candidates for chemical and biosensor applications. The conductance of the SWNT device is sensitive to the surface charge. Thus, these devices could be used to detect antibody-antigen interactions as well as various proteins on cell surfaces by monitoring the corresponding conductance change. Antibodies were adsorbed on surface of SWNTs. A 2-µl monoclonal antibody solution, prepared in PBS and DI water (3.35 µM), was adsorbed on the surface of the nanotube. The nanotube and antibodies were allowed to incubate for an hour. The sample was then thoroughly rinsed with DI water. Fig. 5(b) compares the output characteristics I−V SD of the same device after antibody incubation at zero gate voltage. It should be emphasized that a significant loss of source-drain current was observed upon exposure to antibody. Fig. 6 presents the change in conductance with various antibody concentrations. As the antibody concentration increases, the conductance decreases considerably. The decrease in conductance results from the electron-donating property of the NH 2 groups of the antibodies to nanotubes similar to the previous reports in literature [32] [33] [34] [35] . The measurements have exhibited that 0.04 electrons per adsorbed amine are donated to nanotubes [33] , [34] . Thus, this electron-donating effect will result in a reduction in the number of majority carriers (holes) in semiconducting nanotube, thereby reducing the source-drain current. These results clearly exhibit the biomolecular tuning of electronic transport properties of CNTs by antibody adsorption.
To date, the mechanism of nonspecific adsorption of proteins onto the nanotube surfaces is not known. Hydrophobic interaction has been the most widely accepted mechanism for nonspecific adsorption of proteins onto the nanotube surfaces. However, it was reported that a highly hydrophobic protein, i.e., fibrinogen, did not adsorb onto SWNTs [14] . In another study, both positively and negatively charged proteins exhibited strong adsorption to SWNTs [36] . This implies that electrostatic interaction mechanism alone could not describe the interaction. In a recent study, an in situ detection of nonspecific adsorption of cytochrome c onto semiconducting SWNT has been investigated by monitoring the conductance change in the nanotube [37] . The protein-induced conductance change was attributed to the positively charged nature of the proteins. Nevertheless, similar study has shown that both positively and negatively charged proteins have exhibited a decrease in conductance [18] . It is evident from these investigations that more studies at the molecular level are required to understand the nonspecific protein-CNT interactions. Nevertheless, the current knowledge on nonspecific protein-nanotube interactions is mature enough to apply for the development of biosensors. Our studies suggest that nanotube-based FET devices can be utilized for electronic sensing of antibodies using CNTs.
IV. CONCLUSION
We have successfully demonstrated antibody functionalization of CNTs. The CNT bundles were separated to individual nanotubes in aqueous solutions by the surfactant-mediated dispersion method. Following that, the individual CNTs were functionalized with antibodies. A high degree of binding and colocalization (more than 80%) was observed for an extended sampling area by confocal microscopy. The key to achieving such a high degree of functionalization is due to the separation of CNTs using surfactants, which leads to a high surface area to volume ratio and a higher number of active sites for charge transfer that enhances binding. Although the nonspecific adsorption mechanism of the antibody-nanotube interaction is not well understood, it is believed that the observed high degree of antibody adsorption could be associated with the amino affinity of CNTs. Change in electronic transport properties of semiconducting nanotubes by antibody adsorption has been investigated. It was demonstrated that a substantial decrease in conductance was obtained upon antibody adsorption on nanotube surfaces. These results suggest that electronic transport properties of semiconducting nanotubes can be tuned by antibody adsorption. It should also be mentioned that the antibodycoated nanotubes could be used as probes of cell or membrane function due to their smaller size compared to present capillary intracellular probes.
